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1.  INTRODUCTION 


The  ban  on  above-ground  nuclear  testing  forces  the  U.  S.  Army  to  look  for  alternative 
techniques  in  ita  effort  to  meet  the  growing  need  for  nuclear,  blast/thermal  survivability  testing 
of  military  equipment.  There  are  currently  two  techniques  used  to  simulate  the  blast  effects  of 
nuclear  explosions  involving  either  high  explosives  in  large  quantities,  or  special  shock  tubes. 
The  simulation  of  nuclear  blasts  with  high  explosives  (HE)  is  very  costly  and  limited  to  small 
yields  (<20  kT).  HE  tests  require  large  test  areas  and  their  set-up  is  time  consuming.  For 
these  reasons,  the  use  of  specialised  shock  tubes  is  becoming  increasingly  attractive.  Such 
facilities,  called  large  blast-wave  simulators  (LBS),  are  large  enough  to  accommodate  full-sised 
tactical  equipment  such  as  trucks,  tanks  and  helicopters.  A  few  LBS  facilities  exist  abroad,  the 
largest  at  the  Centre  d’Etudes  de  Gram  at  (CEG)  in  France/*  but  none  is  located  on  the  North- 
American  continent. 

The  U.  S.  Army,  in  concert  with  other  government  agencies,  is  presently  developing  a 
concept  of  such  a  facility  suitable  to  simulate  both  thermal  and  blast  effects  of  nuclear 
explosions  for  the  survivability  testing  of  military  equipment  and  for  research  studies.  Blast 
wavet  will  be  simulated. by  releasing  compressed  gas  from  several  drivers  of  varying  length  into 
a  large  expansion  tunnel  constructed  of  pre-stressed  concrete.  The  thermal  simulation  will  be 
effected  through  aluminum/oxygen  combustion  near  the  target.  The  conditions  being  simulated 
correspond  to  those  produced  by  a  tactical  nuclear  air  burst  with  a  scaled  height  of  burst  of 
60mX  W*/*,  i.e  the  height  is  equal  to  60  metres  times  the  weapon  yield  in  kilotons  taken  to  the 
1/3  power.  A  simulated  blast  wave  is  said  to  approximate  a  given  free- field  blast  wave  if  the 
peak  overpressure,  the  impulse  and  the  initial  rate  of  overpressure  decay  correspond  to  the  free- 
field  parameters  associated  with  the  given  yield  and  shock  overpressure. 

The  current  US  design  studies  are  based  on  the  Large  Blast  Simulator  at  the  Center 
d'Etudes  de  Gramat  (CEG),  France.  However,  studies  of  the  effect  of  target  blockage  on  target 
loading*  indicate  that  a  much  larger  facility  would  be  needed  in  order  to  accommodate  the  full 
range  of  anticipated  targets.  The  studies  will  also  be  extended  over  a  broad  range  of  shock 
overpressures  and  weapon  yields  to  cover  test  conditions  which  cannot  be  simulated  in  the  CEG 
facility.  Therefore,  a  parametric  study  was  initiated  to  answer  questions  about  the  necessary  site 
and  the  expected  performance  of  such  a  facility.  A  numerical  approach  seemed  preferable  to  an 
experimental  one,  because  'He  latter  would  have  taken  up  too  much  preparation  time  and 
yielded  only  few  data  points.  On  the  other  hand,  numerical  methods  for  solving  the  Euler 
equations  already  existed  and  an  implicit,  factored  finite-difference  scheme*  was  chosen  to 
develop  the  quasi-one-dimensional  BRL-Q1D  code^'5  for  simulating  the  flow  in  blast-^ave 
simulators. 

This  report  presents  the  results  of  computational,  parametric  design  studies  which  have 
as  their  goal  the  definition  of  the  necessary  variations  of  length  of  the  driver  assembly  and  of 
the  expansion  tube  as  a  function  of  the  shock  overpressure  and  of  the  weapon  yield  at  a  given 
test  station.  A  passive  rarefaction-wave  eliminator  (RWE)  is  considered  in  lieu  of  a  very  long 
expansion  tube.  The  LBS  characterisation  is  presented  in  chapter  3,  and  the  implications  for  an 
US-LBS  design  are  discussed  in  chapter  4.  Finally,  our  conclusions  are  presented  in  chapter  5. 
The  LBS  concept  and  associated  physical  flow  phenomena  are  discussed  in  the  next  chapter. 


*  reference »  are  luted  at  the  end  of  the  report 
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t.  THE  LBS  CONCEPT 


Large  blast-wave  simulators  are  basically  shock  tubes  whose  cross-sectional  areas  vary 
along  their  lengths.  They  are  designed  to  produce  decaying  blast  waves  akin  to  those  which  are 
generated  by  nuclear  explosions.0  In  this  chapter,  we  discuss  the  major  concepts  of  an  LBS 
facility  and  its  physical  flow  phenomena. 

2.1  THE  FRENCH  LBS 

The  present  studies  are  based  on  the  design  features  of  the  French  LBS  at  the  CEG. 
The  basic  layout  of  the  CEO  facility  is  shown  in  Figure  1.  The  drivers  provide  high-pressure  air 
for  the  production  of  the  blast  wave.  The  convergent-divergent  no i ties  contain  the  diaphragm 
assembly  in  the  throat  section;  they  basically  serve  to  retard  the  emptying  of  the  drivers.  The 
expansion  tube  receives  the  expanding  gas  and  guides  it  through  the  test  section,  which  is 
located  about  seven  diameters  downstream  from  the  nossle  exits.  The  RWE  at  the  open  end 
prevents  the  formation  of  rarefaction  waves  which  would  travel  upstream  and  disturb  the 
blast-wave  simulation  in  the  test  section. 

Because  of  the  considerable  sise  of  this  facility,  a  single  driver  with  a  single  diaphragm 
would  be  impractical.  Therefore,  the  shock  wave  in  the  expansion  tube  is  driven  by  an  array  of 
seven  steel  driver  tubes  each  1.33  metres  in  diameter.  For  wave-shaping  purposes,  the  drivers 
have  different  lengths  of  19  metres  (2  drivers),  20  metres  (2  drivers),  35  metres  (1  driver)  and  44 
metres  (2  drivers).  Each  driver  is  connected  to  an  11  metres  long,  convergent-divergent  nossle. 
The  convergent  nossle  connects  the  driver  cylinder  to  the  throat  section  reducing  the  diameter 
to  0.005  metres.  The  throat  section  is  followed  by  a  divergent  nossle  which  extends  into  the 
expansion  tube  with  a  0*  half-angle  cone. 

The  diaphragms  are  mounted  in  removable  holders,  which  form  a  part  of  the  throat 
section  ahead  of  the  convergent  nossle.  The  holders  are  fully  interchangeable  in  order  to 
facilitate  easy  installation  after  replacing  the  spent  diaphragm.  The  diaphragms  are  made  of 
mild  steel  and  either  flat  or  hemispherically  prestressed  if  that  is  required  by  a  high  driver 
pressure.  All  seven  diaphragms  are  opened  simultaneously  by  detonating  thin  explosive  strips, 
called  cutting  charges,  which  are  mounted  on  the  downstream  faces  of  the  diaphragms. 

The  expansion  tube  is  built  of  pre-stressed  concrete  and  is  105  metres  long.  It  overlaps 
the  divergent  nozzles  at  the  upstream  end  for  about  one  metre.  The  upper  half  of  the  tube 
resembles  closely  a  circular  arch  of  6.2  metres  inner  radius.  The  sides  are  formed  by  two 
vertical  walls,  2.40  metres  high.  The  width  of  the  expansion  tube  is  12  metres  at  the  ground 
floor  level.  The  test  section  is  located  60  metres  downstream  from  the  exit  of  the  divergent 
nozzles  and  is  15  metres  long.  The  length  preceding  the  test  section  is  a  smoothing  zone  needed 
to  establish  uniform  flow  over  the  cross-section  of  the  expansion  tube.  The  walls  of  the  test 
section  are  equipped  with  a  large  number  of  ports  for  cameras,  lighting  and  instrumentation.  A 
safety  zone  of  30  metres  behind  the  test  section  provides  space  for  the  displacement  of  targets. 
An  underground  access  tunnel  runs  the  whole  length  of  the  expansion  tube. 

The  RWE  at  the  open  end  of  the  expansion  tube  consists  of  a  system  of  rotatiug  shutters 
which  are  opened  and  closed  by  a  system  of  hydraulic  jack  screws  linked  mechanically  to  the 
shutters.  The  hydraulic  jacks  are  driven  by  electric  motors  the  motions  of  which  are  pre¬ 
programed  by  an  electronic  control  unit.  During  the  operation  of  the  LBS,  the  RWE  is  attached 
to  the  expansion  tube  with  18  anchors  along  the  periphery  of  the  tube.  In  the  fully-open 
position,  the  RWE  structure  obstructs  only  5%  of  the  cross-sectional  area  of  the  expansion  tube. 


2.2  THE  LBS  OPERATION 


The  operation  of  the  LBS  includes  several  phases. 1  such  as  the  instrumentation  of  the 
target  in  the  test  section,  the  calibrating  of  recording  instrumentation  in  the  data  acquisition 
center,  the  programming  of  the  RWE,  the  installation  of  diaphragms  and  cutting  charges,  and 
the  pressurization  of  the  drivers.  After  final  safety  checks  are  performed,  the  firing  sequence  is 
initiated.  The  cutting  charges  open  the  diaphragms  and  the  high-pressure  gas  iu  the  drivers  is 
released.  The  gas  flows  out  through  the  nozzles  and  forms  a  shock  wave.  The  shock  wave 
moves  down  the  expansion  tube  and  starts  the  blast  loading  of  the  target.  Behind  the  shock 
front,  the  static  overpressure  decays  iu  a  fashion  similar  to  that  observed  in  a  free-held  blast 
wave.  At  the  end  of  the  expansion  tube  the  shock  interacts  with  the  RWE. 

The  RWE  partially  reflects  the  incident  shock  and  generates  a  rarefaction  wave  which 
interacts  with  the  reflected  shock  to  cancel  each  other.  The  RWE  then  begins  to  dose  such  that 
this  interaction  continues  preventing  any  flow  disturbance  from  moving  upstream  into  the  test 
section.  Finally,  rarefaction  waves  generated  in  the  drivers  move  through  the  test  section 
lowering  the  pressure  and  decelerating  the  flow.  The  simulation  ends  when  the  overpressure 
returns  to  the  ambient  condition. 

2.3  FLOW  PHENOMENA  IN  AN  LBS 

The  flow  patterns  encountered  in  an  LBS  are  much  more  complex  than  those  encountered 
in  a  straight  shock  tube.  Figure  2a  shows  a  schematic  comparison  of  the  flow  patterns  in  a 
straight  shock  tube  and  in  a  blast-wave  simulator.  The  initial  flow  pattern  in  a  straight  shock 
tube  is  made  up  of  a  primary  shock  (2)  moving  into  ambient  air(l),  followed  by  a  contact 
surface  (3)  which  separates  the  hot  gas  processed  by  the  shock  from  the  cold  gas  initially  in  the 
driver  (4).  A  rearward  facing  rarefaction  wave  in  the  driver  (5)  accelerates  and  cools  the  driver 
gas.  For  low  shock  overpressures  (e.g.  <  28  kPa  for  the  French  LBS),  the  flow  in  an  LBS  is 
similar  to  that  in  a  straight  shock  tube  in  that  it  is  subsonic  everywhere  with  a  steady 
expansion  in  the  convergent  nozzle  and  a  steady  compression  in  the  divergent  nozzle. 

Generally,  the  flow  in  an  LBS  is  distinguished  from  the  flow  in  a  conventional  shock  tube 
by  the  occurrance  of  choked  flow  in  the  throat  of  the  nozzle  (7),  and  a  recompression  shock  (10) 
compensating  for  the  supersonic  expansion  of  the  flow  in  the  divergent  nozzle  (8).  As  the  driver 
empties,  the  subsonic  flow  expands  isentropicaily  in  the  convergent  nozzle  (6)  such  that  it 
becomes  sonic  in  the  throat.  The  flow  then  becomes  supersonic  as  it  continues  to  expand  in  the 
divergent  nozzle;  but  because  the  flow  behind  the  primary  shock  (2)  is  subsonic,  a  recompression 
shock  (10)  must  form  to  decelerate  the  supersonic  flow  to  match  the  velocity  across  the  contact 
surface  (3). 

For  moderate  shock  overpressures  (e.g.  28  -  70  kPa  for  the  French  LBS),  the  flow  forms  a 
standing  shock  part  way  through  the  divergent  nozzle.  The  subsonic  flow  behind  it  goes 
through  a  steady  compression  in  the  remaining  part  of  the  nozzle.  For  high  shock  overpressures 
(e.g.  >  70  kPa  for  the  French  LBS),  the  recompression  shock  is  swept  out  of  the  nozzle  and 
down  the  expansion  tube  (see  Figure  2b).  It  is  followed  by  a  region  of  supersonic  flow  at 
extremely  low  pressure.  In  extreme  cases,  the  recompression  shock  may  be  swept  past  the  test 
section,  and  the  low-pressure  region  behind  it  destroys  the  blast-wave  simulation.  At  later  times, 
the  recompression  shock  returns  to  the  nozzle  exit  where  it  is  partially  reflected  (10)  and 
partially  transmitted  (13)  moving  upstream  into  the  drivers. 

Late-time  wave  patterns  are  illustrated  in  Figure  2a  and  2b,  also.  The  decay  of  static 
and  dynamic  pressure  necessary  for  the  simulation  of  a  blast  wave  is  produced  by  rarefaction 
waves  which  are  reflected  from  the  closed  ends  of  the  drivers  (14)  Moving  forward,  the 
rarefactions  interact  with  the  convergent  nozzle  and  are  partially  transmitted  and  partially 
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Figure  2:  Illustration  of  Physical  Flow  Phenomena. 
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reflected.  The  transmitted  parts  of  the  rarefactions  (15)  overtake  the  shock  at  different  times 
because  the  drivers  are  of  different  lengths,  and  decrease  its  strength.  The  parts  of  the 
rarefactions  which  are  reflected  from  the  convergent  nozzles  move  back  into  the  drivers  and  are 
again  reflected  from  the  closed  ends  of  the  drivers. 

In  the  absence  of  an  active  RWE,  rarefactions  also  proceed  upstream  from  the  open  end 
of  the  expansion  tube  after  the  incident  shock  has  exited  (18),  and  a  back-facing  shock  from  the 
open  end  (17)  brings  the  overexpanded  driver  gas  back  to  ambient  pressure.  Thus  series  of 
'  rarefaction  waves  and  shocks  move  up  and  down  the  expansion  tube  restoring  the  ambient 

conditions.  Figure  2b  gives  a  fine  example  of  the  wave  patterns  in  an  LBS  gained  from  a  quasi- 
one-dimensiona!  computation.  Many  of  the  discussed  details  are  recognizable  in  this  graph  of 
density  versus  distance  although  it  *s  hard  to  see  what  is  hapening  in  the  driver.  Another  plot 
showing  the  driver  on  a  larger  scale  has  not  been  helpful  in  untangling  the  lines  because  of  the 
great  density  oscillations  occurring  in  the  driver. 

| 

f 

I  3.  COMPUTATIONAL  LBS  CHARACTERIZATION 


The  purpose  of  the  present  studies  is  to  investigate  the  variations  in  length  of  the  drivers 
and  of  the  expansion  tube  which  will  be  necessary  to  design  a  US-LBS  facility  capable  of 
operating  over  a  required  range  of  weapon  yields  and  overpressures  greater  than  that  of  the 
CEG  facility.  The  dimensions  of  the  C&G  facility  are  used  as  basis  for  the  comparison.  The 
BRL-QlD  code^  is  an  efficient  tool  for  these  parametric  studies  because  of  its  short  execution 
times.  It  has  been  shown  to  predict  the  flow  in  blast-wave  simulators  with  sufficient  accuracy 
although  there  are  limitations  to  the  predictions  due  to  the  one-dimensional  approach. 

3.1  THE  QUASI-ONE-DIMENSIONAL  LBS  MODEL 

The  computational  LBS  model  of  the  CEG  facility  is  shown  in  Figure  3.  The  seven 
drivers  are  combined  into  one  by  lumping  the  cross-sectional  areas  at  any  given  location  into  a 
s:ngle  area.  The  stair-stepped  driver  results.  The  four  steps  indicate  that  the  French  facility 
incorporates  drivers  of  four  different  lengths.  In  the  same  manner,  the  areas  of  the  seven 
nozzles  are  lumped  into  one.  The  RWE  is  modelled  computationally  as  a  single  opening  which 
may  vary  with  time.  The  reference  values  of  the  CEG-LBS  are  listed  in  the  Table. 


CEG-LBS  REFERENCE  DATA 

DRIVERS 

Reference  Volume  (7  drivers),  V„, 

303  m3 

Reference  Length  (RL),  L„f 

44  m 

Nominal  Diameter,  D<i„ 

1.33  m 

Ratio  of  Throat-to-Driver  Area 

1:4 

EXPANSION  TUBE 

Reference  Area,  A^ 

70.8  m2 

Reference  Hydraulic  Diameter  (DLA),  D„* 

9.495  m 

Test  Section  Location  Measured  from  Nozzle  Exit, 

66.5  m 

Nominal  Expansion-Tube  Length,  Lnet 

105  m 

Rai.u>  of  Throat-to-Reference  Area 

1:29 
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!  '-X  v..  ,*  -  '  "  ,r“  t  aping  of  the  areas  changes  the  cone  angles  of  the  convergent  and 

?j  >  ?:k  the  suggestion  w?a  made  to  use  a  l/7th  lumped-area  model  in  the 
ikiqmc  ’.;;.Vtwr*.  •  -tiit  t* v<.  .  sodel,  the  nozzle  sections  retain  their  true  angles,  the  expansion  tube  has 
m\.  4\  •\r>\  ~.t -f-M' :•< ><  JQal  area,  r.nd  the  stepped  driver  has  l/7th  of  the  7-driver  volume  of  the 
kXrv,;l'j'.-.  \  !»V*_  I ,  'th  stepped  driver  was  shaped  into  a  frustrum  of  a  cone  by  determining 
i.J it  amaifo.-  ei;y  <$rxr»-  ter  from  l/7th  of  the  reference  driver  volume,  the  reference  driver  length, 
‘cud  vn-/er  diameter  of  the  French  LBS.  Many  comparison  calculations  of  the  two 

'types'/ w<*? a1  made  to  ensure  that  this  simplification  could  be  maintained  without 
<  ;np; «  arising  -suits. 

Cipimb-af^ibna  made  tc  compare  the  two  models  described  above  yielded  nearly  identical 
.|^rahfy> yaljr  difference?  observed  are  related  to  the  limited  accuracy  c?  the  input  data. 
Since  th*  XctL-QlD  code  is  one-dimensional,  the  magnitude  of  the  cross-sectional  areas  does  not 


alter  '/fat  rctults  of  the  flow  computations  as  long  as  the  area  ratios  remain  the  same.  Any 
scaiirj  &»ne  to  extend  the  operating  range  of  the  LBS  has  to  occur  in  the  direction  of  the  flow. 

?.2  TKH  SCOPE  OF  THE  BLAST-WAVE  COMPUTATIONS 

1  m'*  j-.Aj  .,i'l  I'l.  •  \ 

'(  1  lXV«'|design  studies  were  executed  for  standard  atmospheric  conditions  and  based  on  the 
use  of  ambient-temperature  air  as  the  driver  gas.  The  blast-wave  simulation  was  related  to  a 
.'^jaJWidV  Isetght-of-burst,  nuclear  explosion  of  60 mx  by  means  of  an  empirical  frec-field  data 

bn?t  Tbt  range  of  peak  overpressures  was  set  from  13.8  to  241  kPa  (2  to  35  psi),  and  the  range 
,  .  of  itNabcfl  yields  was  set  from  lkT  to  1MT  to  include  those  Army  weapon  systems  which  are 
for  nuclear  hardening.  Thus  an  envelope  of  test  conditions  was  defined  for  which  a 
:Ctvr.«  j.'C-rttiing  design  envelope  of  blast-wave  simulators  of  various  combinations  of  driver  and 
ej-.pri'  X/n-tube  lengths  had  to  be  found. 


I  ;,As  is  customary  with  free-field  pressure  histories,  blast-wave  parameters  are  calculated 
from  the  pressure  histories  of  the  computationally  simulated  blast  waves.  These  parameters  are 
compared  to  those  in  the  empirical  data  base  and  thus  characterise  the  simulated  blast  wave 
relative  to  its  free-field  counterpart.  The  parameters  which  suitably  describe  the  pressure 
H&bty  of  a  blast  wave,®’7  are  the  shock  overpressure  (p,„  i.e.  the  peak  blast-wave  overpressure), 
«  a«  arrival  time  of  the  shock  (t3),  the  static-overpressure  impulse  (/„)  and  the  positive-phase 
drO'iiJtiott  (t+).  The  blast  wave  is  further  characterized  by  the  dynamic-pressure  history.  The 
iQi^acteristic  parameters  of  the  dynamic-pressure  history  are  the  peak  dynamic  pressure  (9),  the 
e,;rian?  ^--pressure  impulse  (7f)  and  the  dynamic-pressure  positive-phase  duration  (4,)- 

The  shock  overpressure  is  the  independent  parameter  used  for  accessing  the  data  base  of 
frec~fi<  d  blast-wave  parameters.  The  table  values  of  the  static-overpressure  impulse  and  of  the 
dynMnic-f  fessure  impulse  and  their  computational  counterparts  are  then  used  to  determine  two 
itlefct  weapon  yields  for  the  simulated  blast-wave  from  Sachs  scaling  laws.®’7  One 
w"»ps.u  yield  is  based  on  the  impulse  of  the  static  overpressure  history,  while  the  other  weapon 
jitfd  if"  based  on  the  impulse  of  the  dynamic-pressure  history. 

3.3.  v>itTVER  LENGTH 

1  The  impulse  which  an  LBS-generatcd  blast  wave  can  deliver  is  proportional  to  the  mass 
'c?  i/iver  gas.  The  driver  gas  is  held  however  at  such  a  pressure  that  a  desired  shock 
vM  -aure  will  be  obtained  at  the  test  section  located  7  hydraulic  diameters  downstream  from 
the  r,'}<  >*f  the  divergent  nozzle.  This  condition  and  the  ambient  temperature  define  the  density 
6f  the  driver  gas  and  with  the  gas  parameters  fixed,  the  impulse  becomes  proportional  to  the 
dftty  volume.  The  ratios  of  the  cross-sectional  areas  of  the  driver  assembly  are  fixed  design 
h  V'tJte'n.  (As  we  will  see  in  the  discussion,  changing  the  proportions  of  the  cross-sectional  areas 
<■  r.'idd, alter  the  results.)  Therefore,  the  driver  length  is  the  only  design  parameter  which  we  are 


free  to  change  in  order  to  adjust  the  mass  of  the  driver  gas. 

To  determine  the  required  driver  volume  and  pressure  for  generating  a  blast  wave  of 
given  shock  overpressure  and  weapon  yield  at  the  test  section,  LBS  calculations  were  carried  out 
for  a  great  variety  of  driver  lengths  and  pressures.  Figure  4  shows  the  results  of  the  driver- 
length  predictions.  These  curves  relate  the  driver  length  normalised  by  the  reference  driver 
length  of  the  CEO- LBS  (1  RL  — ■  44  metres)  to  the  simulated  weapon  yield.  The  results  were 
obtained  by  monitoring  the  static  and  dynamic  pressure  histories  at  the  test  section.  The 
constant-pressure  curves  in  Figure  4  show  that  the  driver  length  has  to  be  increased  in  order  to 
increase  the  weapon  yield. 

There  are  two  families  of  curves  presented  in  Figure  4.  One  family  of  curves  (Figure  4a) 
relates  to  the  weapon  yield  calculated  from  the  static-overpressure  impulse,  and  the  other  one 
(Figure  4b)  relates  to  the  weapon  yield  calculated  from  the  dynamic  pressure  impulse.  The 
results  of  the  calculations  show  that  the  two  yields  do  not  match  the  equivalent  free-field  yields; 
i.  e.  the  two  impulses  generatea  in  the  LBS  facility  are  not  related  to  each  other  in  the  same 
fashion  as  those  generated  in  a  free-field,  spherical  explosion.  Both  predictions  are  important, 
however,  for  the  loading  of  targets.  Damage  due  to  target  crushing  occurs  in  the  diffraction 
phase  and  is  related  to  the  static- overpressure  loading,  while  damage  due  to  overturning  and 
tumbling  occurs  in  the  drag  phase  and  is  dominated  by  the  dynamic-pressure  loading. 

The  results  of  this  study  show  that  the  driver  length  varies  greatly  within  the  given 
scope  of  shock  overpressures  and  weapon  yields.  The  variation  is  greatest  when  the  weapon 
yield  is  based  on  the  dynamic-pressure  impulse  (Figure  4b).  The  shortest  driver  required  for 
generating  a  240-kPa/2-kT  blast  wave  is  only  1  metre  long  (lower  left  corner  of  the  graph).  The 
longest  driver  required  for  generating  a  14-kPa/l-MT  blast  wave  is  5  times  the  length  of  the 
reference  driver  (upper  right  corner  of  graph). 

The  predictions  indicate  that  for  shock  overpressures  of  170  kPa  and  above,  and  high 
yields,  the  recompression  shock  is  swept  past  the  test  station  destroying  the  blast-wave 
simulation  in  the  process.  This  effect  appears  to  be  less  pronounced  when  the  weapon  yield  is 
based  on  dynamic-pressure  impulse;  but  the  pressure  histories  show  that  these  impulses  are 
distorted  by  the  expanded,  low-temperature,  high-density  driver  g:  s  behind  the  contact  surface 
which  passes  through  the  test  section  prior  to  the  advent  of  the  recompression  shock.  More  will 
be  said  about  this  phenomenon  in  the  next  chapter. 

3.4  EXPANSION-TUBE  LENGTH  WITHOUT  RWE 

The  discussion  of  wave  patterns  in  blast-wave  simulators  (Section  2.3)  mentioned  that  a 
rarefaction  wave  begins  to  travel  upstream  after  the  incident  shock  has  exited  the  open  end  of 
the  expansion  tube,  unless  an  RWE  prevents  the  formation  of  such  a  wave.  An  alternative 
method  to  prevent  this  rarefaction  wave  from  reaching  the  test  section  during  the  test  period 
and  destroying  the  blast-wave  simulation  in  the  process  is  to  make  the  expansion  tube  long 
enough  that  the  rarefaction  wave  arrives  at  the  test  section  only  after  the  blast-wave  simulation 
has  been  completed.  The  minimal  length  of  such  an  expansion  tube  would  be  the  length  for 
which  the  first  expansion  wave  reaches  the  test  section  just  at  the  end  of  the  positive  phase  of 
the  blast  wave.  This  was  the  goal  of  the  second  study.  Its  purpose  is  to  aid  the  project 
engineer  in  estimating  the  trade-off  cost  of  alternative  designs. 

Figure  5  shows  the  results  of  this  study.  Again,  two  families  of  curves  are  presented. 
Figure  5a  presents  the  minimum  required  expansion-tube  length  versus  weapon  yield  based  on 
static-overpressure  impure.  This  length  was  determined  by  shortening  an  initially  very  long 
tube  in  consecutive  computations,  until  a  length  was  found  for  which  the  positive-phase 
duration  of  the  simulated  blast  wave  matched  the  positive-phase  duration  of  the  equivalent 
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(a)  Based  on  Static-Overpressure  Impulse 


Figure  4:  Driver  Length  Versus  Weapon  Yield 
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free-field  blast  ware.  This  could  b«  done  only  after  the  driver  pressure  and  the  driver  length 
bad  been  determined  for  each  particular  blast  wave  characterised  by  the  shock  overpressure  and 
the  weapon  yield.  The  longest  expansion  tube  is  needed  for  simulating  a  14-kPa/l-MT  blast 
wave;  it  is  810  metres  long  (85  D^'s). 

Figure  5b  presents  the  minimum  required  expansion-tube  length  versus  weapon  yield 
biased  on  dynamic* pressure  Impulse.  Wfc  chose  t6  match  the  fRe-fieldrdynamic-pressure  impulse 
in  order  to  obtain  somewhat  shorter  expansion-tube  lengths  instead  of  matching  the  free- field, 
dynamic-pressure,  positive-phase  duration  which  would  have  lead  to  even  longer  expansion 
tpbes  than  in  the  static-overpressure  case.  The  expansion-tube  length  was  chosen  such  that  the 
rarefaction  wave  from  the  open  end  curtailed  the  positive-phase  duration  once  the  dynamic- 
pressure  impulse  reached  a  value  greater  than  97%  of  the  free-fieid  value.  This  approach  is 
justifiable  because  the  low  dynamic-pressure  loads  toward  the  end  of  the  positive  phase  do  not 
make  a  noticeable  contribution  to  the  overturning  of  targets,  and  results  in  a  considerable 
savings  in  expansion-tube  length  as  can  be  learned  from  a  comparison  of  the  results  in  Figures 
5a  and  5b.  The  longest  driver  measures  now  550  metres  (57  D^’s),  which  represents  a  length 
reduction  of  32%. 

3.5  EXPANSION-TUBE  LENGTH  WITH  PASSIVE  RWE 

A  further  reduction  of  the  expansion-tube  length  is  anticipated  from  the  utilisation  of  a 
passive  RWE  at  the  open  end  of  the  tube.  A  passive  RWE  is  initially  set  to  an  open-area  ratio 
which  remains  fixed  throughout  the  test.  The  study  is  complicated,  therefore,  by  the  presence 
of  this  second,  unknown  quantity,  which  must  be  set  snch  that  neither  a  rarefaction  wave  nor  a 
shock  will  be  generated,  and  travel  upstream.  The  critical  value  of  this  quantity  must  be 
known  before  the  minimum  length  of  the  expansion  tube  with  passive  RWE  can  be  determined. 
For  a  first  guess,  a  steady-state,  one-dimensional  analytical  solution  of  the  inviscid  flow  of  an 
ideal  gas  through  a  converging  nossle  was  used9  to  determine  the  critical  area  ratio  for  which 
the  throat  Mach  Dumber  at  the  tube  exit  will  equal  the  isentropic  discharge  Mach  number  of  the 
flow  behind  the. incident  shock.  This  analytical  solution  is  shown  in  Figure  6  as  a  dashed  line. 

Although  the  analytical  solution  in  Figure  6  does  not  match  the  experimental  RWE 
settings  which  were  used  in  blast-wave  simulations  at  the  CEG,9  it  affords  a  starting  point  for 
the  present  investigation.  Together  with  the  experimental  values,  the  analytical  solution 
indicates  in  which  direction  the  search  for  the  critical  value  should  continue.  Beginning 
therefore  with  the  analytical  value  for  the  RWE  open-area  ratio,  we  proceeded  to  determine  this 
ratio  for  given  driver  conditions  with  a  matrix  of  test  conditions  in  which  two  parameters,  i.e. 
the  RWE  open-area  ratio  and  the  tube  length,  were  systematically  changed  until  the  static- 
overpressure  impulse  and  the  positive-phase  duration  of  the  simulated  blast  wave  both  matched 
the  corresponding  parameters  of  the  equivalent  free-field  blast  wave.  This  was  done  for  selected 
shock  overpressures  ranging  from  14  to  240  kPa  and  the  results  are  shown  in  Figure  6  as  a 
solid  line. 

Once  the  RWE  open-area  ratio  was  determined  as  a  function  of  the  shock  strength, 
PxJPlt  computations  could  then  be  performed  for  various  weapon  yields  by  changing  the  driver 
length  at  constant  driver  pressure  (defining  the  desired  shock  overpressure).  The  minimum 
required  length  of  the  expansion  tube  was  determined  by  shortening  a  long  tube  in  consecutive 
computations  until  the  free-field  criterion  was  met.  Figure  7  presents  the  results  of  this  study. 
As  before,  two  families  of  curves  are  shown,  one  for  the  weapon  yield  based  on  static- 
overpressure  impulse  (Figure  7a),  the  other  for  the  weapon  yield  based  oi  dynamic- pressure 
impulse  (Figure  7b).  As  in  the  preceding  study,  the  free-field  criterion  for  the  data  in  Figure  7a 
was  the  positive-phase  duration,  and  the  free-field  criterion  for  the  data  in  Figure  7b  was  the 
97%  mark  of  the  dynamic-pressure  impulse.  The  results  show  that  the  length  of  the  expansion 
tube  with  passive  RWE  for  a  14-kpa/l-MT  blast  wave  is  still  510  metres  (54  D^’s)  and 
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Figure  7:  Expansion-Tube  Length  With  Passive  RWE  Versus  Weapon  Yield 
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900  metres  (38  Dr/s),  respectively  depending  on  whether  the  yield  is  based  on  static* 
orerpra— w,  or  dynamic-pressure  impulse. 

3.0  DESIGN  ENVELOPES 

From  the  results  of  our  numerical  studies,  design  envelopes  can  be  defined  for  any  LBS 
facility  with  the  same  cross  section  as  the  CEG- LBS.  This  was  done  in  Figures  8  and  0  in 
graphs  of  blast-wave  peak  overpressure  versus  weapon  yield.  (The  peak  overpressure  of  the 
blast  wave  is  the  shock  overpressure.)  Figure  8  presents  the  design  envelopes  for  an  LBS  without 
RWE,  and  Figure  0  presents  the  design  envelopes  for  an  LBS  with  passive  RWE.  Two  design 
envelopes  are  shown  in  each  figure,  one  for  weapon  yields  based  on  static-overpressure  impulse, 
and  another  for  weapon  yields  based  on  dynamic-pressure  impulse.  Curves  of  constant  driver 
length  are  plotted  in  multiples  of  the  CEG  reference  driver  length  (i.e.  1  RL  —  44  metres). 
Curves  of  constant  expansion-tube  length  are  plotted  in  multiples  of  the  CEG  reference 
hydraulic  diameter  (i.e.  1  DIA  »  ©.495  metres). 

The  graphs  show  the  driver  and  expansion-tube  lengths  needed  to  simulate  a  blast  wave 
of  given  shock  overpressure  and  weapon  yield  anywhere  in  the  test  envelope.  Conversely,  the 
graphs  will  yield  the  blast-wave  conditions  (i.e.,  the  peak  static  overpressure  and  the  weapon 
yield),  which  may  be  simulated  by  an  LBS  of  given  driver,  aad  expansion-tube  lengths.  The 
main  difference  between  graphs  (a)  and  (b)  is  the  spread  of  the  driver  and  expansion-tube 
lengths  required  to  simulate  the  blast  wave  conditions  covered  by  the  envelope.  The  upper  left 
corner  and  the  lower  right  corner  of  these  graphs  present  critical  design  areas.  It  will  be 
difficult  to  simulate  the  high  overpressure  and  low-yield,  as  well  as  the  low  overpressure  and 
high-yield  blast  wave  conditions  because  of  the  extreme  driver  dimensions  required. 

Comparing  the  data  presented  in  parts  (a)  and  (b),  reap,  of  Figures  8  and  9  reveals  the 
differences  in  the  LBS  design  with  regard  tc  the  test  criteria  employed.  The  static  overpressure 
history  and  its  impulse  are  associated  with  the  diffraction  loading  of  targets.  The  dynamic 
pressure  history  and  its  impulse  are  associated  with  the  drag  loading  and  overturning  of  targets. 
Most  mobile  Army  systems  are  more  susceptible  to  damage  by  overturning  and  tumbling  than 
to  damage  by  diffraction  loading.  Therefore,  it  is  necessary  to  use  the  overturning  criterion  in 
the  design  of  an  LBS.  The  comparison  reveals  that  somewhat  longer  drivers  are  needed  when 
the  weapon  yield  <s  based  on  the  dynamic-pressure  impulse.  At  the  same  time,  the  expansion 
tubes  are  considerably  shorter.  This  result  was  achieved  by  using  a  less  restrictive  matching 
criterion  than  t^,  i.e.  the  97%‘mark  of  Iq,  thereby  cutting  off  the  tail  of  the  dynamic-pressure 
history.  Otherwise,  the  lengths  of  the  expansion  tube  would  have  been  longer,  also.  The 
savings  in  expansion-tube  length  are  on  the  order  of  30%  without  and  with  passive  RWE, 
measured  at  the  14  kPa/1  MT  point. 

The  effect  of  a  passive  RWE  on  the  design  of  an  US-LBS  can  be  studied  by  comparing 
Figures  8b  and  9b,  and  Figures  8a  and  9a,  respectively.  There  is  no  difference  in  driver-length 
requirements  in  this  comparison.  The  LBS-design  differences  with  regard  to  the  passive  RWE 
installed  at  the  open  end  of  the  expansion  tube  basically  amount  to  savings  in  length.  The 
comparison  shows  that  in  both  cases,  (a)  based  on  I*  (diffraction  loading)  and  (b)  based  on  I, 
(drag  loading),  the  RWE  effects  a  40%  savings  in  the  length  of  the  expansion  tube,  measured  at 
the  14  kPa/1  MT  point.  A  passive  RWE  will  be  employed  if  this  savings  translates  into  saved 
dollars  over  and  above  the  construction  cost  of  a  passive  RWE.  An  active  RWE  with 
programmed,  adjustable  open  area  should  be  employed  for  wave  shaping  if  the  construction  cost 
for  the  longest  expansion  tube  without  RWE,  as  well  as  the  combined  cost  of  expansion  tube 
and  passive  RWE  both  exceed  the  construction  cost  of  the  active  RWE  system. 
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(b)  Based  on  Dynamic-Pressure  Impulse 
Figure  8:  Design  Envelopes  for  a  US-LBS  Without  RWE 
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Figure  9:  Design  Envelopes  for  a  US-LBS  With  Passive  RWE 


4.  DISCUSSION  OF  THE  RESULTS 


The  perimetric  studies  ere  showing  that  the  driver  length  is  i  critical  design  parameter 
because  extreme  dimensions  are  required  to  cover  the  entire  design  envelope.  For  blast-wave 
simulators  using  unheated  driver  gas,  the  driver  pressure  is  a  critical  design  parameter,  also. 
Furthermore,  the  volume  distribution  in  the  driver  assembly  influences  the  resulting  simulation. 
Finally,  the  location  of  the  test  section  is  critical  because  of  the  movement  of  the  recompression 
shock  and  the  contact  surface. 

4.1  DRIVER-DESIGN  CONSIDERATIONS 

Very  short  drivers  and  very  high  driver  pressures  are  required  to  simulate  the  high  shock 
overpressure/low  yield  blast  waves  represented  by  the  upper  left  corvid  of  the  design  envelopes 
shown  in  Figures  8  and  0.  Figure  10  presents  the  shock  overpressure  obtained  computationally 
as  a  function  of  the  driver  pressure.  The  inviscid,  ideal-gas  Q1D  computations  were  done  for 
the  reference  driver  length  and  two  nozzle  configurations.  The  graph  shows  that  a  driver 
pressure  of  110  atm  is  required  to  produce  a  172-kPa  blast  wave  at  the  test  section.  The  driver 
pressure  increases  to  100  atm  for  producing  a  240-kPa  blast  wave  at  the  test  section. 
Experiments  carried  out  in  a  blast-wave  simulator  model  here  at  the  BRL*°  indicate  that  real- 
gas  effects  become  significant  at  driver  pressures  above  150  atm.  Therefore,  the  experimentally 
required  pressures  are  expected  to  be  even  higher  than  the  computational  values.  While  it  may 
be  possible  to  engineer  these  drivers,  building  them  would  be  very  expensive. 

Figure  11  illustrates  still  another  physical  flow  phenomenon  that  requires  a  further 
increase  in  driver  pressure.  As  mentioned  above,  the  driver  volumes  required  to  simulate  low- 
yield  blast  waves  at  high  shock  overpressures  are  very  small.  Since  the  cross-sectional  areas  are 
inalterable  quantities,  the  only  way  in  which  the  volume  can  be  reduced  is  by  shortening  the 
driver  length.  The  shorter  the  driver,  however,  the  sooner  will  the  rarefaction  waves  reflected 
from  the  driver-end  wall  catch  up  with,  and  overtake,  the  incident  shock  thereby  diminishing  its 
strength.  The  data  in  Figure  11  show  that  the  increase  in  driver  pressure,  necessary  to 
compensate  for  this  effect  can  be  considerable.  The  question  may  arise  in  the  mind  of  the 
reader  that  heating  the  driver  gas  might  solve  this  problem,  and  we  will  address  this  question  at 
the  end  of  our  discussion. 

Very  long  drivers  are  required  for  simulating  low  shock-overpressure/high-yield  blast 
waves.  Computations  were  carried  out  for  two  conical  drivers  with  different  cone  half-angles 
because  computations  for  a  cylindrical  driver**  yielded  results  which  were  inconsistent  with  the 
results  of  this  study.  The  results  of  these  computations  show  the  influence  of  the  driver  shape 
on  the  simulated  blast  wave.  They  are  presented  in  Figure  12,  where  the  driver  volume  is 
plotted  versus  weapon  yield  for  three  shock-overpressure  levels.  The  effect  of  the  driver  shape 
on  the  blast  wave  is  most  pronounced  at  the  14-kPa  shock-overpressure  level  and  becomes 
negligible  at  the  09-kPa  shock-overpressure  level.  The  results  indicate  that  (1)  a  cylindrical 
driver  requires  less  volume  to  produce  a  blast  wave  of  stated  shock  overpressure  and  weapon 
yield,  (2)  the  significant  parameter  in  our  QlD  computational  study  is  the  driver  length,  and  (3) 
wave-shaping  has  to  be  paid  for  with  extra  volume  added  to  the  driver  design. 

4.2  TEST-SECTION  LOCATION 

For  economic  reasons,  the  test  section  should  be  located  as  close  as  possible  to  the  exit  of 
the  multipie-driver  nozzles  in  order  to  keep  the  expansion  tube  short.  Six  reference  diameters  of 
the  expansion  tube  are  considered  the  necessary  length  for  proper  mixing  of  the  flow  from  the 
multiple  drivers.  Therefore,  the  test  section  must  be  located  more  than  six  reference  diameters 
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Figure  10:  Computational  Shock  Overpressure  Versus  Driver  Pressure 


Figure  11:  Driver  Pressure  as  a  Function  of  Weapon  Yield 
for  Constant  Shock  Overpressure  at  the  Test  Section 
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Figure  12:  Influence  of  Driver-Cone  Shape  on  Weapon  Yield. 


downstream  from  the  exit  of  the  nozzles.  For  blast- wave  simulators  using  unheated  driver  gas, 
the  movement  of  the  contact  surface  and  of  the  recorapression  shock  have  an  important  impact 
on  the  location  of  the  test  section  because  the  passage  of  either  wave  through  the  test  section 
during  the  positive  phase  destroys  the  simulation. 

The  effects  of  the  passage  of  the  recompression  shock  and  of  the  contact  surface  through 
the  test  section  arc  illustrated  in  Figure  13.  The  pressure  histories  represent  the  computational 
simulation  of  a  blast  wave  of  high  weapon  yield  with  a  shock  overpressure  of  241  kPa  (35  psi). 
In  Figure  13a,  the  static  and  dynamic  pressure  histories  were  recorded  at  seven  hydraulic 
diameters  from  the  exit  of  the  divergent  nozzles.  The  first  jump  in  dynamic  pressure  at  0.35  sec 
is  due  to  the  arrival  of  the  cold  driver  gas  behind  the  contact  surface.  The  large  drop  in  static 
pressure  and  the  associated  increase  in  dynamic  pressure  at  0.00  sec  is  due  to  the  arrival  of  the 
recompression  shock. 

The  passage  of  the  recompression  shock  can  be  avoided  by  moving  the  test  station 
farther  from  the  drivers.  Figure  13b  shows  the  pressure  histories  from  the  same  calculation 
recorded  at  twelve  diameters  downstream  from  the  beginning  of  the  expansion  tube.  The 
recompression  shock  does  not' pass  through  this  station,  but  the  effects  of  the  passage  of  the 
contact  surface  can  still  be  recognized  in  the  bulging  of  the  dynamic- pressure  curve. 

The  jump  in  dynamic  pressure  across  the  contact  surface  is  caused  by  the  cooling  of  the 
expanding  driver  gas.  The  effect  is  particularly  strong  in  those  flow  situations  in  which  the 
recompression  shock  leaves  the  divergent  nozzle  ( p„  >  70  kPa).  To  avoid  the  undercooled  driver 
gas  behind  the  contact  surface,  the  test  section  will  have  to  be  relocated  far  downstream  to 
where  the  contact  surface  will  not  arrive  before  the  end  of  the  positive-phase  duration.  For 
shock  overpressures  of  70  kPa  and  less,  the  density  mismatch  across  the  contact  surface  is 
insignificant,  and  the  test  section  can  be  maintained  at  the  present  location. 

The  movements  of  the  recompression  shock  and  of  the  contact  surface  were  studied  for 
various  shock  overpressures,  and  the  results  of  this  study  are  presented  in  Figure  14.  The 
maximum  distance  which  the  recompression  shock  moves  from  the  exit  of  the  nozzle  is  given  in 
Figure  14a  as  a  function  of  the  simulated  yield.  Curves  are  given  for  three  shock  overpressures, 
243,  210  and  174  kPa  (i.e.  35,  30  and  25  psi).  For  each  shock  overpressure,  the  simulated  yield 
shown  is  calculated  from  the  static-overpressure  impulse.  The  curves  indicate  that  the 
recompression  shock  will  pass  through  the  test  section,  located  at  seven  hydraulic  diameters 
(66.5  m)  from  the  exit  of  the  nozzle,  for  blast  waves  with  peak  overpressures  in  excess  of  175 
kPa  and  high  yields. 

Figure  14b  shows  the  maximum  distance  which  the  contact  surface  travels  from  the  exit 
of  the  nozzle,  as  a  function  of  the  simulated  weapon  yield.  Curves  are  given  for  three  shock 
overpressures,  243,  174  and  105  kPa  (i.e.  35,  25  and  15  psi).  For  each  shock  overpressure,  the 
simulated  weapon  yield  was  calculated  from  the  dynamic-pressure  impulse.  The  curves  show 
that  for  the  extreme  case  of  a  240-kPa/l-MT  blast  wave  the  test  section  would  have  to  be 
moved  from  66.5  to  360  metres  downstream  from  the  exit  of  the  nozzle  adding  considerable 
length  to  the  expansion  tube.  Studying  the  effects  of  heating  of  the  driver  gas  on  the  test 
conditions  of  blast-wave  simulators  is  therefore  of  great  importance. 

4.3  DRIVER-GAS  HEATING 

The  high  driver  pressures  required  to  generate  the  desired  shock  overpressures  in  the 
design  envelope  of  the  LBS,  and  the  mismatched  densities  at  the  contact  surfave  due  to  the 
cold,  expanded  driver  gas  are  compelling  factors  in  the  search  for  a  better  solution  to  the  blast- 
wave-simulation  requirements  as  posed  by  the  US  Army.  Heating  the  driver  gas  to  an 
appropriate  level  would  allow  matching  the  density  across  the  contact  surface,  thereby 
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(a)  Pu»ing  of  the  Recompresaion  Shock  at  the  7-DIA  Test  Section 


(b)  Passing  of  the  Contact  Surface  at  the  1’2-DIA  Test  Section 

Figure  13:  Effects  of  Recompression  Shock  and  Contact  Surface 
on  the  Fressure  History  of  a  Simulated  Blast  Wave. 
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(a)  Extreme  Position  of  the  Recompression  Shock 
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Figure  14:  Movement  of  Recompression  Shock  and  Contact  Surface 
Versus  Weapon  Yield  at  Constant  Shock  Overpressure. 


eliminating  the  need  for  moving  the  test  section  farther  downstream  from  the  present  position, 
which  is  69.5  metres  from  the  nossle  exit. 

Computational  studies  were  carried  out  at  the  BRL  by  this  and  other  authors  and 
reported  at  the  *Hh  International  Symposium  on  Military  Applications  of  Blast  Simulation. 11 
The  results  of  these  studies  can  be  summarised  as  follows. 

(a)  By  heating  the  driver  gas,  the  maximum  driver  pressure  can  be  kept  below  the  limit 
imposed  by  material  stress  criteria.  For  practical  reasons  of  the  LBS-design,  this  limit 
was  chosen  at  120  atm. 

(b)  Heating  the  driver  gas  requires  larger  driver  volumes  particularly  at  the  high-shock- 
overpressure /low-yield  end  of  the  design  envelope,  where  the  extremely  short  driver 
lengths  with  cold  driver  gas  pose  a  problem. 

(c)  Heating  makes  possible  the  matching  of  the  density  across  the  contact  surface,  and 
eliminates  the  need  to  relocate  the  test  section  farther  downstream  from  the  exit  of 
the  nozzle. 


5.  CONCLUSIONS 


The  present  computational  LBS  studies  define  operating  envelopes  for  a  US-LBS  design 
based  on  the  LBS  at  the  CEG  in  France.  They  permit  a  prediction  of  the  dimensions  in  length 
required  for  operating  the  LBS  over  a  wide  range  of  shock  overpressures  and  weapon  yields.  A 
bigger  or  smaller  LBS  can  be  defined  by  increasing  or  decreasing  the  cross-sectional  reference 
area.  However,  the  results  are  limited  in  their  applicability  to  a  US-LBS  design  that  preserves 
the  cross-sectional  area  ratios  of  the  French  design.  The  results  are  particularly  sensitive  to  a 
change  in  the  throat-area  ratio,  .  The  lengthwise  dimensions  are  not  involved  in  this 

scaling  process. 

The  results  of  our  studies  may  be  summarised  as  follows. 

(a)  The  lengths  of  the  driver  assembly  and  of  the  expansion  tube  increase  with  the 
weapon  yield. 

(b)  For  constant  yield,  the  driver  pressure  increases  in  proportion  to  the  desired  shock 
overpressure.  A  240  kPa  blast  wave  at  the  test  section  require?  a  driver  pressure  of 
200  atm  (!);  however,  for  very  short  drivers,  this  requirement  m  ,y  increase  to  twice 
this  value. 

(c)  The  length  of  the  driver  assembly  based  on  the  drag-loading  and  overturning 
criterion,  has  to  be  varied  from  2  to  220  metres  to  cover  the  entire  design  envelope  of 
the  US-LBS. 

(d)  The  length  of  the  driver  assembly  decreases  with  increasing  shock  overpressure.  The 
shortest  drivers  are  required  for  low-yield  blast  waves  at  the  240  kPa  (35  psi)  shock- 
overpressure  level. 

(e)  The  longest  drivers  are  required  for  simulating  high-yield  blast  waves  at  the  lower 
shock-overpressure  boundary  of  of  the  design  envelope.  A  driver  length  of  220  metres 
is  required  at  the  14  kPa/1  MT  point. 

(f)  Basing  the  LBS  dimensions  on  the  dynamic-pressure  impulse  (i.e.  the  overturning 
criterion)  rather  than  the  static  overpressure  impulse  necessitates  somewhat  longer 
drivers  and  affords  shorter  expansion  tubes. 

(g)  The  longest  expansion  tube  simulating  the  entire  positive  phase  of  a  14  kPa/l  MT 
blast  wave  measures  783  metres  without  RWE  and  513  metres  with  passive  RWE  for 
a  test  section  located  at  66.5  metres  from  the  exit  of  the  divergent  nozzles. 
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(h)  The  passive  RWG  iitm  up  to  40%  of  expansion-tube  length  with  the  teat  section 
located  at  66.5  metres  from  the  end  of  the  divergent  nossies. 

(i)  The  test  section  has  to  be  moved  downstream  from  its  present  position  as  much  as 
310  metres  in  order  to  avoid  the  undercooled  driver  gas  behind  the  contact  surface  at 
shock  overpressures  above  60  kPa  (10  pei). 

Finally,  a  caution  has  to  be  added  concerning  the  one-dimensionality  of  our  approach. 
The  QlD  model  should  not  be  expected  to  accurately  simulate  the  real,  three-dimensional  flow 
phenomena  occurring  in  a  multiple-driver  LBS.  Our  experimental  evidence  indicates  for 
instance  that  the  recompression  shock  is  not  as  strong  and  does  not  travel  as  far  downstream  as 
the  QlD  computations  want  to  make  us  believe.  Also,  the  BRL  experiments  shown  in  Figure  10 
indicate  that  higher  driver  pressures  than  those  predicted  by  the  QlD-computations  will  be 
required  to  obtain  shock  overpressures  above  140  kPa  (20  psi). 
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